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ABSTRACT 

The nuclear cap-binding complex (CBC) binds to the 7-methyl guanosine cap present on every RNA polymerase II transcript. CBC 
has been implicated in many aspects of RNA biogenesis; in addition to roles in miRNA biogenesis, nonsense-mediated decay, 3 - 
end formation, and snRNA export from the nucleus, CBC promotes pre-mRNA splicing. An unresolved question is how CBC 
participates in splicing. To investigate CBC's role in splicing, we used mass spectrometry to identify proteins that copurify with 
mammalian CBC. Numerous components of spliceosomal snRNPs were specifically detected. Among these, three U4/U6-U5 
snRNP proteins (hBrr2, hPrp4, and hPrp31) copurified with CBC in an RNA-independent fashion, suggesting that a significant 
fraction of CBC forms a complex with the U4/U6-U5 snRNP and that the activity of CBC might be associated with snRNP 
recruitment to pre-mRNA. To test this possibility, CBC was depleted from HeLa cells by RNAi. Chromatin immunoprecipitation 
and live-cell imaging assays revealed decreased cotranscriptional accumulation of U4/U6-U5 snRNPs on active transcription 
units, consistent with a requirement for CBC in cotranscriptional spliceosome assembly. Surprisingly, recruitment of U1 and 
U2 snRNPs was also affected, indicating that RNA-mediated interactions between CBC and snRNPs contribute to splicing. On 
the other hand, CBC depletion did not impair snRNP biogenesis, ruling out the possibility that decreased snRNP recruitment 
was due to changes in nuclear snRNP concentration. Taken together, the data support a model whereby CBC promotes pre- 
mRNA splicing through a network of interactions with and among spliceosomal snRNPs during cotranscriptional spliceosome 
assembly. 
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INTRODUCTION 

The nuclear cap-binding complex (CBC) is a heterodimer 
composed of two subunits, CBP20 and CBP80. CBC binds 
tighdy to the 7-methyl guanosine (m 7 G) cap, a modifica- 
tion added to the 5' end of every RNA polymerase II (Pol 
II) transcript (Izaurralde et al. 1994, 1995). Thus, CBC binds 
a variety of RNA species: messenger RNAs (mRNAs), small 
nuclear RNAs (snRNAs), most microRNA (miRNA) precur- 
sors, and other small RNAs (Muller-McNicoll and Neuge- 
bauer 2013). CBP20 is highly conserved and interacts with 
the m 7 G cap through an RNA recognition motif. CBP80 en- 
sures high- affinity binding of the cap by CBP20 and provides 
a platform for interactions with other factors (Mazza et al. 
2001; Calero et al. 2002). The m 7 G cap is added cotranscrip- 
tionally when the nascent RNA is 20-30 nucleotides (nt) long 
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(Rasmussen and Lis 1993). Because CBC binds to the m G 
cap immediately (Visa et al. 1996; Listerman et al. 2006), it 
can influence the nuclear life of all RNAs transcribed by 
Pol II. 

Several aspects of mRNA biogenesis require or are stimu- 
lated by CBC: pre-mRNA splicing, mRNA 3'-end formation, 
and mRNA export (Izaurralde et al. 1994; Flaherty et al. 1997; 
Cheng et al. 2006; Narita et al. 2007). Furthermore, CBC plays 
roles in snRNA and miRNA biogenesis (Izaurralde et al. 
1995; Laubinger et al. 2008; Gruber et al. 2009; Sabin et al. 
2009). This multiplicity of CBC functions can, in many cases, 
be explained by interactions between CBC and regulatory 
partners (Muller-McNicoll and Neugebauer 2013). First, 
CBC promotes mRNA 3'-end formation in two ways: interac- 
tions with the mRNA polyadenylation machinery (Flaherty 
et al. 1997) and interactions with negative elongation factor 
(NELF, a regulator of histone mRNA 3' -end processing) 
through direct binding to its component NELF-E (Narita 
et al. 2007). Second, CBC interacts with the TREX complex 
that mediates mRNA export, by direct binding to the TREX 



1054 



RNA 19:1054-1063; © 2013; Published by Cold Spring Harbor Laboratory Press for the RNA Society 



CBC interacts with U4/U6-U5 snRNPs 



component Aly (Cheng et al. 2006). Third, CBC binds the 
phosphorylated adapter for RNA export (PHAX) to export 
snRNAs from the nucleus during snRNP biogenesis (Ohno 
et al. 2000). Fourth, arsenite-resistance protein 2 (ARS2), 
found to promote processing of pri-miRNAs to miRNA, cop- 
urifies with both CBC and Microprocessor (Laubinger et al. 
2008; Gruber et al. 2009; Sabin et al. 2009). These four exam- 
ples illustrate how CBC helps to recruit factors that accom- 
plish diverse yet specific steps in gene expression. 

It is clear that CBC plays a major role in splicing, yet no 
specific interactors have been identified to explain how. 
Splicing is catalyzed by the spliceosome, a dynamic complex 
composed of the spliceosomal small nuclear ribonucleopro- 
tein particles (Ul, U2, and U4/U6-U5 snRNPs) and a large 
number of additional non-snRNP splicing factors (Wahl 
et al. 2009). The spliceosome assembles on each intron after 
5' and 3' splice sites (5' and 3' ss) have been recognized by Ul 
and U2 snRNPs, respectively. Replacement of the Ul snRNP 
by the U4/U6-U5 snRNP triggers spliceosome maturation 
and catalysis. Work in yeast implicated CBC in early steps 
of spliceosome assembly; genetic deletion of CBP20/80 genes 
selectively compromised the splicing of introns with non- 
consensus splice sites, suggesting that CBC promotes splice 
site recognition (Colot et al. 1996; Lewis et al. 1996a; Fortes 
et al. 1999). It was proposed that CBC could facilitate de- 
finition of first exons in mammalian cells by stimulating 
the recruitment of Ul snRNP to the proximal 5' ss (Lewis 
et al. 1996b). However, a subsequent study concluded that 
CBC was not required for Ul snRNP recruitment; rather, 
CBC promoted the release of Ul and recruitment of U4/ 
U6-U5 snRNP during spliceosome assembly (O'Mullane 
and Eperon 1998). Work in yeast has implicated CBC in 
Ul, U2, and U4/U6-U5 snRNP recruitment to nascent tran- 
scripts, lengthening the list of potential interactions with 
splicing components (Gornemann et al. 2005; Bragulat et 
al. 2010). Thus, it is currently unclear whether CBC acts on 
one or more snRNPs and whether observed effects are direct 
or indirect. 

We sought to address the role of CBC in splicing, starting 
with CBC immunopurification from cell extracts and mass 
spectrometry. We considered two scenarios likely: first, CBC 
might interact with a single protein component of one or 
more snRNP(s), directly recruiting it to the pre-mRNA; sec- 
ond, CBC might bind to a non-snRNP splicing factor capa- 
ble of recruiting spliceosomal snRNPs. Instead, numerous 
snRNP components were detected; validation experiments 
revealed RNA-independent copurification of CBC with three 
U4/U6-U5 snRNP proteins, indicative of U4/U6-U5 snRNP 
association with CBC through direct or indirect protein- 
protein interactions. We then focused on how CBC mediates 
snRNP interactions with pre-mRNA in vivo, combining spli- 
ceosome assembly assays and live- cell fluorescence imaging 
in the context of CBC knockdown. Our results suggest that 
CBC promotes cotranscriptional spliceosome assembly and 
splicing through links to the U4/U6-U5 tri-snRNP. 



RESULTS AND DISCUSSION 

Identification of proteins that copurify with CBC 

To identify protein interaction partners of CBC, a transgenic 
HeLa cell line stably expressing CBP20 with a C-terminal 
GFP-tag was established, using bacterial artificial chromo- 
some (BAC) recombineering. BAC transgenesis offers the ad- 
vantage that the "third allele" encoding the tagged protein of 
interest is expressed at physiological levels, due to usage of en- 
dogenous regulatory elements, and the GFP tag is effective 
for immunopurification and mass spectrometry (Poser et al. 
2008). CBP20-GFP correctly localizes to the nucleus and 
binds both m G caps and CBP80 (Supplemental Fig. 1A; 
Pabis et al. 2010). Cell lysates were treated with benzonase to 
degrade DNA and RNA before immunopurification, thereby 
minimizing detection of proteins linked to CBC through 
nucleic acids (Cheeseman and Desai 2005; Pabis et al. 2010). 
Table 1 lists proteins specifically identified from both gel slice 
and shotgun preparations (see Supplemental Tables 1 and 2 
for entire data sets). As expected, robustly detected proteins 
copurifying with CBP20 were CBP80, ARS2, PHAX, impor- 
tins, and components of the recently characterized nuclear 
exosome targeting (NEXT) complex (Lubas et al. 2011). 

The largest group of factors copurifying with CBP20 in- 
cluded 15 Ul, U2, U5, U4/U6, andU4/U6-U5 snRNP-specific 
proteins. Identification of these proteins was highly specific, 
because many of the approximately 200 proteins present in 
the mammalian spliceosome (Wahl et al. 2009) were not de- 
tected; moreover, highly abundant non-snRNP splicing fac- 
tors (e.g., SR proteins) were absent. Despite the fact that 
the U4-, U5-, and U6-containing snRNPs are 10 times less 
abundant than Ul and U2 snRNPs (Yu et al. 1999), the num- 
ber of peptides representing U4/U6-U5 snRNP components 
was remarkably high (Table 1). Thus, the data suggest that 
CBC associates with all spliceosomal snRNPs, among them 
U4/U6-U5 snRNP in particular. 

We focused on CBC interactions with snRNPs for valida- 
tion by coimmunoprecipitation, using transgenic cell lines 
harboring GFP-tagged candidates (see Supplemental Fig. 
1A-C; Sapra et al. 2009). It is possible that many proteins 
that coimmunoprecipitate with CBC are linked indirectly 
through either (pre-)mRNA or through the snRNAs con- 
tained in snRNPs. RNase digestion is able to remove both 
species of RNA and thereby abolish RNA- mediated interac- 
tions; for example, we show that Ul snRNP is disrupted by 
RNase (Supplemental Fig. IE; Sapra et al. 2009). Therefore, 
cell lysates were treated with or without RNase A, and copuri- 
fied material was probed for untagged CBP20 and CBP80 by 
Western blotting (Fig. 1, upper panel; Supplemental Fig. ID). 
As expected, CBP20 associations with CBP80 and ARS2 were 
RNase insensitive (Supplemental Fig. ID). Similarly, CBC 
coimmunoprecipitated with the NEXT complex component 
ZC3H18/NHN1 from both mock and RNase-treated cell ex- 
tracts (Fig. 1). This observation, together with the report that 
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TABLE 1. Protein interactors of CBP20-CFP 



Protein name 


UniProt 

Acc. # 


MW 


UP 


Function/Complex 


Known interactors of CBC 


CBP80 


Q09161 


92 


30/40 


CBC subunit 


ARS2 


Q9BXP5 


100 


26/43 


miRNA processing, 
NEXT-associated 


PHAX 


Q86VM9 


44 


1 9/23 


snRNA export 


lmportin-a2 


P52292 


58 


15/23 


Nuclear import 


lmportin-p1 


Q14974 


97 


17/29 


Nuclear import 


lmportin-a7 


B4DWX3 


61 


7/16 


Nuclear import 


lmportin-a3 


000505 


58 


5/12 


Nuclear import 


lmportin-a1 


P52294 


60 


4 a /8 


Nuclear import 


lmportin-a4 


000629 


58 


2 a /8 


Nuclear import 


NELF-E 


PI 8615 


43 


12/15 


Transcription, 
3' end processing 


NELF-B 


Q8WX92 


66 


3 a /13 


Transcription, 
3' end processing 


Tho4 


Q86V81 


28 


2 a /7 


TREX component 


Tho2 


Q8NI27 


183 


2/4 


TREX component 


RBM25 


P49756 


100 


3 a /7 


pre-mRNA splicing 


snRNP components 


U5-200K 


075643 


245 


28/46 


U5 snRNP 


hPrp8 


Q6P2Q9 


274 


18/52 


U5 snRNP 


U5-116K 


Q15029 


109 


16/28 


U5 snRNP 


U5-102K 


094906 


107 


11/14 


U5 snRNP 


U5-100K 


Q9BUQ8 


96 


7 a /1 7 


U5 snRNP 


U4/U6-90K 


043395 


78 


7/13 


U4/U6 snRNP 


U4/U6-60K 


043172 


58 


2 a /10 


U4/U6 snRNP 


U4/U6-61K 


Q8WWY3 


41 


3/9 


U4/U6 snRNP 


U4/U6«U5-110K 


043290 


90 


13/21 


U4/U6«U5 snRNP 


SF3b145 


Q13435 


100 


2/8 


U2 snRNP 


SF3b130 


Q15393 


136 


3/11 


U2 snRNP 


SF3b155 


075533 


146 


4 a /12 


U2 snRNP 


SF3A1 


Q15459 


89 


2 a /8 


U2 snRNP 


U1-70K 


P08621 


52 


2/8 


U1 snRNP 


U1-A 


P09012 


31 


3 a /3 


U1 snRNP 


Nuclear exosome targeting complex (NEXT) components 


NHN1/ZC3H1 8 


Q86VM9 


106 


26/27 


Component 


hMtr4 


P42285 


118 


13/19 


Core component 


ZCCHC8 


Q6NZY4 


79 


7/14 


Core component 


ZFC3H1 


060293 


217 


3/7 


Mtr4 binding 


Proteins related or probably related to RNA processing 


PRP4 kinase 


Q13523 


117 


13/18 


pre-mRNA splicing 


FBP11 


075400 


109 


3 a /7 


pre-mRNA splicing* 


NUP153 


P49790 


154 


7/18 


Nuclear pore 


NUP50 


Q9UKX7 


50 


2/9 


Nuclear pore 


GCFC 


Q9Y5B6 


105 


4/8 


Transcription factor* 


HuR 


Q15717 


39 


2/6 


mRNA stability 


NDH2/DHX9 


Q08211 


141 


3 a /16 


DEAH box helicase 


RBM27 


Q9P2N5 


119 


2 a /2 


RRM-containing 


FNBP4 


Q8N3X1 


110 


2/11 


WW-domains 



Proteins associated with CBP20-GFP in human HeLa cells identified 
by mass spectrometry. The number of unique peptides (UP) detected 
in one of two SDS-PAGE MS preparations and in shotgun MS are 
shown in one column, separated by a slash. Each was identified by at 
least two peptides with >99% protein identification probability and 
was absent in the control IPs (CDC2, Rad51). Additional proteins de- 
tected solely by shotgun MS are found in Supplemental Table 2. Note 
that "known interactors" do not necessarily bind directly. 
(*) CO terms; (MW) calculated molecular weight in kilodaltons. 
(Blue) Interactors that validated in the pull-down assay and were 
RNase sensitive; (yellow) interactors that validated and were RNase in- 
sensitive (see Fig. 1 ; Supplemental Fig. 1 D). 
a Proteins detected in one of two SDS-PAGE MS preparations. 



NHN1 associates with mRNPs in a CBC-dependent manner 
(Merz et al. 2007), points to a potential role of CBC in re- 
cruiting NHN1 to the mRNP in vivo. 

It was possible to validate the interactions of U 1 , U2, and U4/ 
U6-U5 snRNPs with CBC, although many snRNP proteins ap- 
peared to be indirectly linked by RNA (Table 1). Specifically, 
GFP-taggedUl snRNP (U1-70K, U1A), U2 snRNP (SF3A1), 
and U4/U6-U5 snRNP (U5-200K, U4/U6-60K, U4/U6-61K, 
U5-116K, and Prp8) were all able to coimmunoprecipitate 
CBP20 and CBP80 in the absence of RNase (Fig. 1, upper pan- 
el; Supplemental Fig. 1D,E). However, coimmunoprecipita- 
tion of U2AF65, U1-70K, Ul-A, and SF3A1 was strongly 
reduced by RNase treatment, suggesting linkage through 
snRNA or pre-mRNA. In contrast, U5-200K (the human ho- 
molog of yeast Brr2, an RNA helicase), U4/U6-60K (hPrp4, a 
WD-repeat protein), and U4/U6-61K (hPrp31, a U4 snRNA- 
binding and Nop domain- containing protein) remained 
bound after RNase digestion, suggesting RNA-independent 
association of the U4/U6-U5 snRNP with CBC. To determine 
whether active transcription and splicing was strictly required 
for snRNP interactions with CBC, we treated cells with a-am- 
anitin before cell lysis. Transcription inhibition did not disrupt 
interactions with these proteins. The insensitivity of U 1 - 70K to 
a-amanitin (Fig. 1, lower panel) indicates that the loss of Ul- 
70K upon RNase treatment (Fig. 1, upper panel) is indeed 
due to disruption of the Ul snRNP (Supplemental Fig. IE). 
The continued detection of both CBP20 and CBP80 in immu- 
noprecipitates of Ul and U4/U6-U5 snRNP proteins after tran- 
scription inhibition suggests that spliceosomal snRNPs may 
be constitutively associated with CBC. Alternatively, these in- 
teractions may be maintained by remaining unspliced RNA in 
the extract. The transcription- and RNA-independent inter- 
actions between CBC and snRNPs may explain why CBC is de- 
tected in purified spliceosomes assembled on pre-mRNAs that 
lack m 7 G caps (Fabrizio et al. 2009). 

Taken together, this series of validation experiments indi- 
cates that CBC interacts in an RNA-independent manner 
with the U4/U6-U5 snRNP (Table 1). There are no amino 
acid sequences or protein motifs shared among these part- 
ners, making it difficult to speculate on whether CBC associ- 
ation with these proteins is due to direct binding. Moreover, 
we cannot distinguish between binding to CBP20 and CBP80 
in these experiments. In this study, we sought to understand 
the role of CBC in splicing, which requires spliceosome as- 
sembly from mature snRNPs. Therefore, we aimed to pursue 
the role of CBC in snRNP recruitment in vivo, rather than fo- 
cus on CBC interactions with individual proteins. To do so, we 
coupled CBC depletion by RNAi with specific assays that in- 
terrogate the interactions of whole spliceosomal snRNPs 
with pre-mRNA. 

SnRNP levels are unaffected by CBC depletion 

Treatment of HeLa cells with CBP80-specific interfering 
RNAs by two independent methods was effective, leading 
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Immunoprecipitation Antibody in -RNase +RNase 

(a-GFP antibody) Western blot , np , gG GFP | np | gG G FP 

CBP80 «™ • 

CBP20 — — 



NHN1 



U5-200K 



U4/U6-60K 



U4/U6-61K 



U1-70K 



U2AF 



CBP80 



CBP20 



CBP80 
CBP20 



CBP80 
CBP20 



CBP80 
CBP20 



Immunoprecipitation Antibody in - a-amanitin + a-amanitin 

{a-GFP antibody) Western blot , np | gG GFP | np , gG GFP 

CBP80 — A — 4tr 

CBP20 CBP20 — _ - » 

LAP-lagged 



tion (Fig. 2 A; Supplemental Fig. 2 A) are consistent with a pri- 
or study (Narita et al. 2007). Furthermore, expression levels of 
seven distinct splicing factors — including proteins co- 
purifying with CBC, U1-70K, SF3A1, Prp8, and U5-116K— 
were unchanged upon CBC knockdown (Supplemental Fig. 
2D), indicating that CBP80 depletion does not destabilize 
splicing factors in general. 

Because these CBC depletion conditions were designed 
to test spliceosome assembly and snRNP dynamics in down- 
stream assays, we were concerned that snRNP levels might be 
affected. CBC and PHAX binding to nuclear m 7 G-capped 
pre-snPvNAs mediates their translocation to the cytoplasm, 
where Sm ring assembly and snRNA cap tri-methylation 
occur (Izaurralde et al. 1995; Ohno et al. 2000; Muller- 
McNicoll and Neugebauer 2013). If CBC knockdown were 
to impair snRNA export, reductions in cytoplasmic snRNP 
maturation steps and consequently cellular snRNP levels 
could occur. However, Northern blotting of total RNA 
revealed that levels of Ul, U2, U4, and U6 snRNAs were 
similar among control and CBC-depleted cells (Fig. 2B). 



U5-200K 



CBP20 



U4/U6-60K 



CBP20 



U4/U6-61K 



U1-70K 



CBP80 
CBP20 



U5-116K 



CBP80 
CBP20 



FIGURE 1 . Validation of splicing factor binding to CBC. ( Upper panel) 
Extracts from transgenic HeLa cells harboring GFP-tagged splicing fac- 
tors, indicated left of the panel, were incubated with or without RNase A 
and subjected to immunoprecipitation with a-GFP. 0.6% of input (Inp) 
and 33% of the immunoprecipitate were analyzed by Western blot, us- 
ing a-CBP20 and a-CBP80. Nonspecific background was assessed by 
immunoprecipitation with nonimmune IgG (IgG). See Supplemental 
Figure 1 , D and E, for additional data and evidence that RNase treatment 
disrupted snRNPs. (Lower panel) Extracts from the same transgenic 
HeLa cells treated with and without a-amanitin to inhibit Pol II tran- 
scription, as indicated. All experiments were performed two to four 
times each, and representative gels are shown. 



to an ~80% reduction in CBP80 mRNA and protein levels 
(Fig. 2A; Supplemental Fig. 2B,C). Importantly, CBP80 de- 
pletion also led to an ~50% reduction in CBP20 protein lev- 
els, resulting in an overall efficient knockdown of the whole 
CBC and indicating that CBP20 stability requires CBP80. 
This finding and the observed impairment of cell prolifera- 
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FIGURE 2. Efficient CBC knockdown does not affect snRNP levels. 
HeLa cells transduced with retroviral vectors expressing CBP80 shRNA 
or without shRNA (Control) were assayed on day 6. (A) Assessment of 
CBC depletion through semiquantitative Western blotting (left panel) of 
CBP80, CBP20, and GAPDH after CBP80 knockdown (KD). Decreasing 
amounts of the same lysate were loaded. Comparison of changes in 
CBP80 and CBP20 RNA and protein levels (right panel). Band intensi- 
ties were measured as integrated densities from Western blots and nor- 
malized to GAPDH. RNA levels were determined by RT-qPCR and 
normalized to 18S rRNA. N> 8 different knockdowns. Error bars are 
the SEM. The changes are statistically significant (P< 0.005), as deter- 
mined by the Student's f-test. (B) Immunoprecipitation of snRNPs 
with a-TMG (K121), a-Sm proteins (Y12), and a-SART3. RNA was ex- 
tracted, resolved on a 10% urea gel, and detected by Northern blot. A 
longer exposure of a-TMG IP lanes is shown. 
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Importantly, levels of assembled snRNPs containing Sm pro- 
teins and tri-methyl guanosine (TMG) caps were unaffected. 
Quantitation revealed no significant differences in Ul and U2 
levels between knockdown and control cells (Supplemental 
Fig. 3A). Because U4 and U6 snRNAs were less well detected 
by Northern blot, U4 and U6 snRNAs were immunoprecip- 
itated with CC-SART3, specific for the U4/U6 snRNP (Stanek 
et al. 2003). Detection of U4 and U6 snRNAs was robust 
and unchanged by CBC depletion (Fig. 2B; Supplemental 
Fig. 3A). U5 snRNA levels were also not affected (Supple- 
mental Fig. 3B). This surprising lack of effect on snRNP levels 
led us to verify CBC and PHAX binding to pre-snRNAs; both 
CBC and PHAX pulled down pre-snRNAs, as expected (Sup- 
plemental Fig. 3C). Finally, metabolic labeling was per- 
formed to interrogate the degree of snRNA 5' -cap tri- 
methylation and showed no change upon CBC depletion 
(Supplemental Fig. 3D). We conclude that residual levels of 
CBC must be sufficient to support snRNA biogenesis in de- 
pleted cells. Because total spliceosomal snRNP levels were 
unaffected, it was possible to investigate a distinct role for 
CBC in splicing. 

CBC depletion reduces cotranscriptional splicing 

We selected the FOS gene to investigate the role of CBC in 
cotranscriptional splicing and spliceosome assembly for the 
following reasons. First, FOS transcripts are efficiently spliced 
cotranscriptionally (Listerman et al. 2006; Vargas et al. 2011). 
Second, FOS is strongly inducible (Piechaczyk and Blanchard 
1994), permitting measurement of spliced and unspliced 
transcripts during the period of CBC depletion with minimal 
background from previously synthesized mRNA. Third, ro- 
bust FOS transcription upon induction permits detection 
of splicing factor recruitment to the transcription unit by 
chromatin immunoprecipitation (ChIP) (Listerman et al. 
2006; Sapra et al. 2009). Fourth, FOS is characterized by a rel- 
atively simple exon-intron structure (Fig. 3A). These features 
make FOS an ideal gene to study the effects of CBC depletion 
on splicing. 

As a first step, we used ChIP to quantitate the impact of 
CBP80 RNAi on CBC levels at the FOS transcription unit. 
CBP80 ChIP confirmed that the ~80% decrease in cellular 
CBP80 protein corresponded to the reduction in CBP80 lev- 
els along the FOS gene (Fig. 3B). Acetylated histone H4 
(AcH4) and Pol II levels were unchanged by CBC depletion 
(Fig. 3B; Supplemental Fig. 4B), suggesting that FOS tran- 
scription is not CBC dependent. Next, we examined steady- 
state intron removal in FOS RNA by RT-qPCR, which re- 
vealed that the levels of unspliced FOS introns 1 and 3 
increased by twofold upon CBC knockdown (Fig. 3A). In 
parallel, a decrease in total FOS mRNA was observed (Sup- 
plemental Fig. 4A) . The levels of another short-lived, spliced 
mRNA, MYC, were also significantly reduced, and splicing of 
the first intron was inhibited by ~30% (data not shown). At 
the same time, mRNAs with long half-lives, such as ACTB, 



were unaffected by CBC depletion (Supplemental Fig. 4A), 
indicating that CBC depletion inhibits but does not abolish 
splicing activity. Another indication of cellular splicing ac- 
tivity is morphological: Nuclear speckles are normally inter- 
connected, irregularly shaped nuclear compartments where 
splicing factors concentrate. Upon splicing inhibition with 
spliceostatin A, speckles become "rounded up" (Kaida et al. 
2007). Supplemental Figure 5 shows that nuclear speckles 
also displayed a rounded-up morphology when cells were de- 
pleted of CBC, consistent with the expected overall splicing 
inhibition (see the Introduction). To determine the effect 
of CBC depletion on cotranscriptional splicing, nascent 
FOS RNA was retrieved by chromatin RNA immunoprecip- 
itation (ChRIP), in which cross-linked active chromatin is 
immunoprecipitated with antibodies to AcH4 (Listerman 
et al. 2006). Figure 3 A shows that cotranscriptional splicing 
of FOS introns 1 and 3 was impaired upon CBC depletion, 
similar to total pre-mRNA splicing. This finding indicates 
that splicing inhibition is not likely due to effects on NEXT 
complex activity, because NEXT would not be expected to 
destabilize nascent RNA. We conclude that the absence of 
CBC leads to a decreased efficiency of cotranscriptional in- 
tron removal. 

CBC depletion impairs cotranscriptional 
spliceosome assembly 

Knowing that CBC is required for efficient nascent FOS RNA 
splicing, we sought to determine the step at which spliceo- 
some assembly is altered in the absence of CBC. We therefore 
investigated the recruitment profiles of snRNPs, using a 
cotranscriptional spliceosome assembly assay based on 
ChIP (Gornemann et al. 2005; Listerman et al. 2006; Sapra 
et al. 2009). SnRNP-specific proteins were used as proxies 
for each snRNP: Ul (U1-70K), U2 (SF3A1), and U4/U6-U5 
(U5-116K). GFP-tagged snRNP proteins expressed stably 
from BACs were incorporated into snRNPs and correctly lo- 
calized (Supplemental Fig. 1A-C). 

The levels and profiles of the Ul, U2, and U4/U6-U5 
snRNPs as well as U2AF65 were determined at four positions 
within exons and introns along the length of FOS (Fig. 3B). 
Upon CBC knockdown, accumulation of all three snRNPs 
was decreased (Fig. 3B). These effects are specific, because 
U2AF65 accumulation was unaffected. U5-116K accumula- 
tion was reduced significantly at the beginning as well as the 
end of FOS (Fig. 3B). The decrease in U4/U6-U5 snRNP re- 
cruitment is consistent with the notion that CBC associates 
with protein components of the tri-snRNP, namely, U5- 
200K, U4/U6-60K, and U4/U6-61K (see Fig. 1; Table 1) to as- 
sist spliceosome assembly. CBC depletion also caused marked 
reductions in Ul and U2 snRNP recruitment with accumula- 
tion of U1-70K-GFP 50% reduced at all positions (Fig. 3B). 
Because our results point to CBC interactions with U4/ 
U6-U5 and not Ul snRNP proteins (Fig. 1; Table 1), these 
data suggest that U4/U6-U5 snRNP association with CBC 
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FIGURE 3. CBC depletion reduces cotranscriptional spliceosome as- 
sembly and splicing. HeLa cells transduced with control and a- 
CBP80 shRNA retroviral vectors were subjected to RNA isolation, 
ChRIP, or ChIP on day 6. (A) Schematic representation of FOS pre- 
mRNA and mRNA, showing the location of qPCR amplicons detecting 
RNA with either spliced or unspliced intron 1 (blue) and intron 3 
(red). Total RNA (left panel) was reverse-transcribed with an oligo 
(dT) primer and the relative abundance of spliced to unspliced poly 
(A) + RNA assessed by qPCR. Nascent RNA {right panel) was isolated 
by ChRIP from an a-AcH4 IP and reverse-transcribed, using a primer 
in intron 2 (for intron 1 splicing) or in exon 4 (for intron 3 splicing). 
qPCR was conducted to assess the relative abundance of spliced to 
unspliced RNA. n > 4; error bars are the SEM. (B) Schematic represen- 
tation of the FOS gene. (Gray lines) The location of qPCR amplicons 
used in ChIP. The following antibodies were used: a-CBP80, a-Pol II- 
CTD (4H8), a-U2AF-65 (MC3), a-U5-116K, and a-GFP in case of 
transgenic cell lines expressing U1-70K-GFP or SF3A1-GFP. All values 
were calculated as percent input, normalized to nonimmune ChIP, 
and presented as fold enrichment over an intergenic region. In Pol 
II ChIP, normalization to intergenic was omitted due to absence of 
background. N> 3; error bars are the SEM. Significant differences be- 
tween knockdown and control determined by the Student's f-test: (*) 
P<0.05, (**) P<0.01. 



could assist Ul snRNP recruitment. Prior studies reported U5 
snRNP interactions with the 5' ss early in spliceosome assem- 
bly as well as Ul snRNP recruitment in the context of a multi- 
snRNP-containing complex (Wyatt et al. 1992; Malca et al. 
2003). Thus, our data support the notion that CBC helps re- 
cruit Ul snRNP to the first 5' ss (Lewis et al. 1996b), not by 
direct interactions with Ul but instead indirectly through 
the U4/U6-U5 snRNP. Moreover, the Ul snRNP is retained 
on multiple intron-containing pre-mRNAs after the first 
splicing event, rendering subsequent splicing more efficient 
(Crabb et al. 2010). Indeed, splicing of both FOS introns 1 
and 3 was CBC dependent, suggesting — together with the ob- 
served snRNP profiles — that CBC may help retain the Ul 
snRNP on nascent RNA until all introns are removed. We 
conclude that proper cotranscriptional accumulation of Ul, 
U2, and U4/U6-U5 snRNPs is dependent on CBC in vivo. 

CBC promotes U1 and U5 snRNP interactions 
with pre-mRNA 

The above data suggest that CBC's overall role in FOS splicing 
is to enhance spliceosomal snRNP interactions with nascent 
RNA through its association with U4/U6U5 snRNPs. To test 
this proposal more broadly, we used a live-cell imaging strat- 
egy to analyze the dynamic interaction of snRNPs with pre- 
mRNA both globally and at a different test gene. We ad- 
dressed total cellular pre-mRNA by monitoring snRNP dy- 
namics in the nucleoplasm; complementary to this, we 
used an integrated, inducible transcription unit (E3) contain- 
ing three exons and two introns of the (3-globin gene (Fig. 4A; 
Huranova et al. 2010; Pabis et al. 2010; Brody et al. 201 1). E3 
mRNA contains the MS2 binding site in the 3' UTR, such that 
active transcription sites can be monitored in living cells with 
a fluorescently tagged MS2-binding protein. BACs harboring 
U1-70K-GFP, U2AF65-GFP, and Prp8-GFP were stably inte- 
grated into E3 cells, and fluorescence imaging revealed that 
U2AF65, Ul, and U5 snRNPs were detectable in speckles 
and nucleoplasm, as expected (Fig. 4B). Importantly, each 
of these splicing factors accumulated at the E3 gene during 
active transcription, as seen by colocalization with E3 nascent 
RNAs at the transcription site (Fig. 4B). 

FRAP experiments revealed CBC-dependent dynamics 
among Ul and U4/U6-U5 snRNPs at both the E3 tran- 
scription site and in the nucleoplasm, where endogenous 
splicing occurs (Fig. 4C). In both locations, significantly fast- 
er recovery of both Ul and U5 snRNPs was observed upon 
CBC depletion, indicating that each snRNP was retained 
at sites of transcription for a shorter period of time. In con- 
trast, mobility of Ul and U5 snRNPs in nuclear speckles 
was unchanged, suggesting that snRNP accumulation in 
speckles does not depend on interactions with CBC. No ef- 
fects on U2AF65 recovery or mobility were observed at any 
location (Fig. 4C), in agreement with the ChIP data (Fig. 
3B). Because the mobility of nucleoplasmic snRNPs is de- 
termined by association with pre-mRNA (Huranova et al. 
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FIGURE 4. CBC depletion reduces snRNP interactions with active transcription sites. (A) Diagram of the E3 construct stably integrated into U20S 
cells. Expression is driven by a minimal CMV promoter (P) under control of the tetracycline response element and induced in the presence of dox- 
ycycline (dox) by the transactivator rfTA. The gene contains three (3-globin exons (E1-E3) and a CFP coding sequence, 18 MS2 repeats, a polyade- 
nylation cleavage signal, and a transcription terminator (T). (B) Imaging of nascent RNA at the E3 transcription unit in fixed cells by RNA FISH (Cy3- 
labeled probe to the MS2 sequence repeats; red) together with the stably integrated Ul snRNP (U1-70K-GFP; green), U2AF65-GFP, or U5 snRNP 
proteins (Prp8-GFP). Scale bars, 5 (im. (C) FRAP curves show recovery of U1-70K-GFP, U2AF65-GFP, and Prp8-GFP fluorescence at bleached spots 
placed in nucleoplasm, speckles, or at the E3 transcription site visualized by MS2BP-mCherry. Three independent experiments were performed; in 
each 10-20 cells were tested. Error bars represent the SEM. For U1-70K-GFP and Prp8-GFP, the differences between recovery curves in control and 
CBC knockdown cells are statistically significant, as established using the Mann-Whitney test. 



2010), these data indicate that CBC knockdown weakens Ul 
and U4/U6-U5 snRNP interactions with endogenous pre- 
mRNAs in living cells. This finding is consistent with mor- 
phological evidence that splicing is globally inhibited 
(Supplemental Fig. 5). 

CONCLUSIONS 

Here we have addressed the function of mammalian CBC 
in pre-mRNA splicing in vivo, using mass spectrometry fol- 
lowed by quantitative analyses of splicing activities upon 
CBC knockdown. We report the following major obser- 
vations. First, several Ul, U2, and U4/U6U5 snRNP pro- 
teins specifically copurified with CBC from nuclease-treated 
cell lysates. Protein components of U4/U6-U5 snRNPs 
were most robustly detected, and three — U5-200K (hBrr2), 
U4/U6-60K (hPrp31), and U4/U6-60K (hPrp4)— associ- 



ated with CBC in an RNase-insensitive manner. Second, 
cotranscriptional spliceosome assembly was reduced by 
CBC depletion, with major defects in Ul, U2, and U4/ 
U6U5 snRNP accumulation on FOS. Third, FRAP experi- 
ments showed that Ul and U4/U6-U5 snRNPs exhibit higher 
nucleoplasms mobility and associate less stably with an 
intron- containing transcription site upon CBC depletion, in- 
dicative of global as well as specific defects in snRNP asso- 
ciation with pre-mRNA. Finally, total snRNP levels were 
unaffected, ruling out the possibility that splicing defects 
were caused by an impairment of snRNP biogenesis. Taken 
together, the data indicate that the primary role of CBC in 
splicing is to promote snRNP interactions with nascent tran- 
scripts, via RNA-independent protein-protein interactions 
with U4/U6-U5 snRNP components. Because CBC interac- 
tions with Ul and U2 snRNP components were RNA depen- 
dent, we suggest that snRNP association with pre-mRNA and 
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CBC maybe cooperative and depend on inter-snRNP interac- 
tions during spliceosome assembly. 

We propose that splicing inhibition may explain the cell 
proliferation defect that we and others have observed upon 
CBC knockdown (Narita et al. 2007). We document a 40% 
reduction in cellular levels of FOS and MYC mRNAs, with 
roles in cell cycle progression (Piechaczyk and Blanchard 
1994). A prior global study reported down-regulation of 
250 transcripts upon CBC knockdown; 249 of these were 
intron-containing (Narita et al. 2007), suggesting that their 
reduction could be due to transcript instability caused by 
decreased splicing. Genetic deletion of CBC subunits in bud- 
ding yeast also leads to growth impairment (Fortes et al. 
1999). Other explanations for reduced cell proliferation in- 
clude effects on nonsense-mediated decay, transcription elon- 
gation, or alternative splicing (Hosoda et al. 2005; Raczynska 
et al. 2010; Lenasi et al. 2011). The clear impact of CBC 
depletion on spliceosome assembly and constitutive splicing 
detected here, without changes in snRNP levels, underscores 
the physiological importance of CBC in modulating snRNP 
dynamics in living cells. 

MATERIALS AND METHODS 
Cell lines and RNAi 

Transgenic HeLa cell lines with stable integration of BACs carrying 
C-terminally tagged SF3A1, CBP20, U1-70K, U5-116K, U5-200K, 
U4/U6-60K, U4/U6-61K, U2AF65, NHN1, and CDC2 were gener- 
ated as described (Poser et al. 2008). HeLa and Phoenix gag-pol 
packaging cells were cultured in high-glucose DMEM with 10% 
FCS. Transcription was inhibited by adding a-amanitin (Sigma- 
Aldrich) to a final concentration of 10 ug/mL to the cell culture me- 
dium for 10 h (Listerman et al. 2007); the treatment was effective, 
because the cells died the following day. FOS induction was with 5 
uM calcium ionophore A23187 for 15 min after 2 h of serum star- 
vation (Listerman et al. 2006). Human U20S E3 cells (Brody et al. 
2011) were stably integrated with BACs expressing U1-70K-GFP, 
U2AF65, or Prp8-GFP and maintained in low-glucose DMEM 
with 10% FCS. The RNAi target sequence in CBP80, AAGACTCA 
TGTACCCATGTTA, was selected with the Ambion siRNA target 
finder and the shRNA expression cassette inserted into pRVHl- 
hygro (Schuck et al. 2004). For viral particle production, packaging 
cells were cotransfected with pMD.G and pRVHl plasmids (empty 
control or shRNA). HeLa cells were infected with virus-containing 
media plus 4 ug/mL polybrene, selected with 800 ug/mL hygromy- 
cin B, and harvested 6 d after infection. 

Mass spectrometry 

Immunopurification of CBP20-GFP was carried out from ~8 X 10 7 
HeLa transgenic cells using goat polyclonal a-GFP antibody 
(Cheeseman and Desai 2005). Ninety units per milliliter of benzo- 
nase was added to the initial lysate to degrade DNA and RNA. 
Eluted polypeptides were resolved by SDS-PAGE and subjected to 
in-gel digestion with trypsin (Shevchenko et al. 2006); LC-MS/MS 
analysis of peptide mixtures was performed on an Ultimate 



nanoLC system interfaced online with a linear ion trap LTQ. Data 
validation and organization were carried out with Scaffold 2, based 
on the PeptideProphet algorithm (Keller et al. 2002). For shotgun 
MS, see the Supplemental Methods. 

Immunoprecipitation (IP), Western 
and Northern blot 

HeLa extracts were prepared in NET-2 buffer (50 mM Tris-HCl at 
pH 7.5, 150 mM NaCl, 0.05% NP-40) plus protease inhibitors. IP 
was at 4°C with GammaBind G Sepharose beads coupled to specific 
(12 ug of a-GFP, 1 ug of a-TMG, 5 uL of a-SART-3, or 250 uL of 
Y12 hybridoma supernatant) and control (nonimmune mouse or 
goat) antibodies. RNase A treatment was at 100 ug/mL for 20 min 
at room temperature. For Western blotting, total HeLa extract was 
prepared in NEST-2 buffer (50 mM Tris-HCl at pH 6.8, 20 mM 
EDTA, 5% SDS) plus protease inhibitors; proteins were resolved 
on 4%-20% or 4%-12% Tris-glycine gels. 

Northern blotting was performed as described (Bell and Bindereif 
1999). RNA— 0.75% and 0.25% of input samples and 3.75% and 
1.25% of IP samples — was separated on 10% TBE-urea gels, trans- 
ferred to a nylon membrane, and UV-cross-linked. Hybridization 
was performed with a mixture of probes (5S rRNA, U3 snoRNA, 
Ul, U2, U4, and U6 snRNA) in Church-Buffer. Probe sequences 
were amplified by RT-PCR from total HeLa cell RNA and digoxige- 
nin (DIG)-labeled by PCR; see Supplemental Table 3 for primers, a- 
DIG chemiluminescence was detected using the CHEMI-SMART 
5100 documentation and analysis system; quantification was with 
Imagel. 

RT-qPCR, ChIP, and ChRIP 

Total RNA was isolated using TRIzol, DNase-treated, and reverse- 
transcribed from an oligo(dT) or specific reverse primer for 18S 
rRNA. See Supplemental Table 3 for primers. To calculate fold 
changes in mRNA levels, the following equation was used: 2 ACt(tar " 
8et) /2 ACt<norm> , where ACt = Ct (control sample) - Ct (experimental 
sample). Ct stands for threshold cycle value, "target" indicates the 
gene of interest, and "norm" indicates RNA for normalization. 
ChIP and ChRIP were performed as described (Listerman et al. 
2006). Approximately 2 x 10 7 cells were used per IP. The antibodies 
used were 10 pL of a-CBP80 serum, 4 ug of a-RNA Pol II, 12 ug of 
a-GFP, 30 ug of a-U2AF-65, 3 pL of a-U5-116K serum, and 9 pL 
of a-AcH4 serum and control (nonimmune mouse or goat IgGs). 

FRAP 

E3 cells were maintained in Phenol Red-free Leibovitz's L-15 with 
10% FCS at 37°C. For CBP80 knockdown, cells were transfected 
with CBP80 or negative Stealth RNAi in Optimem Plus Glutamax 
medium, using Lipofectamine 2000. After 48 h, cells were transfect- 
ed with MS2-mCherry using FuGENE 6 in order to mark active 
transcription sites, and then transcriptionally induced with doxy- 
cycline (1 ug/mL) for several hours. FRAP experiments were per- 
formed 1 d later. FRAP image sequences were obtained on an 
Olympus FV1000 inverted scanning confocal microscope with a 
heated chamber and objective heater (37°C) and a 60x, 1.35 NA 
oil objective. Cells were scanned using a 488-nm laser for detection 
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of GFP-labeled U1-70K, U2AF65, or Prp8 and a 561-nm laser for 
the detection of MS2-mcherry. GFP-tagged U1-70K, U2AF65, and 
Prp8 were bleached using the 488-nm laser in the nucleoplasm, 
speckles, and at the active transcription site. Five pre-bleach im- 
ages were acquired. Post-bleach images were acquired at a frequen- 
cy of four images per 2 sec. For analysis of fluorescence recovery, 
FRAP data were normalized and calculated as previously described 
(Shav-Tal et al. 2005). Statistical significance was assessed with the 
Mann-Whitney test. Detection of active transcription sites in fixed 
cells was by RNA FISH to nascent mRNAs, using a Cy3-labeled 
probe to the MS2 sequence repeats in the 3' UTR of the mRNA 
(Brodyetal. 2011). 

Antibodies 

The following mouse monoclonal antibodies were used: a-GAPDH 
(Novus Biologicals); a-RNA Pol II CTD, 4H8 (Abeam); a-TMG, 
K121 (Calbiochem); ct-U2AF-65, MC3 (Gama-Carvalho et al. 
1997); and a-Sm proteins, Y12 (Lerner et al. 1981). The following 
rabbit polyclonal antibodies were used: <x-AcH4 (Upstate); a- 
CBP80 and a-CBP20 (Izaurralde et al. 1994, 1995); a-SART-3 
(Stanek et al. 2003); and a-U5-116K (Fabrizio et al. 1997). Goat 
polyclonal a-GFP was a gift of D. Drechsel (MPI-CBG). Nonim- 
mune IgGs and HRP-conjugated secondary antibodies were from 
Sigma-Aldrich or GE Healthcare. 



SUPPLEMENTAL MATERIAL 

Supplemental material is available for this article. 
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